A relativistic string model for hadrons is presented. The center-of-mass motion is separated correctly. The vibrational and rotational motions of the string are solved by using the WKB approximation. Moreover, their decay widths are calculated by taking into account the pair creation of quarks inside the string. Both the mass spectra and the decay widths are reproduced fairly well in comparison with experimental data.
I. INTRODUCTION
It is well known that hadrons are composed of quarks and antiquarks which are governed by quantum chromodynamics ͑QCD͒. In the hadron structure, gluons also play an important role which is shown in deep inelastic lepton-nucleon scattering. For example the total momentum of hadrons cannot be explained without the degrees of freedom of gluons. The string model proposed by Johnson and Thorn ͓1͔ is one of the models in which the gluon degrees of freedom are incorporated explicitly into the model. According to the string picture, mesons are made up of a quark and an antiquark which are connected by the classical gluon field. The string model could reproduce rotational excited states called Regge trajectories ͓2͔. Then Migdal et al. ͓3͔ extended the model to baryons which are viewed as a quark and a diquark connected by the same gluon field as in mesons. The diquark picture was suggested from many phenomena ͓4͔. However the treatment in ͓3͔ is unsatisfactory because the separation of the center-of-mass motion is unclear and the nonrelativistic approximation adopted in the paper is not justified.
It is the purpose of this paper to present a relativistic string model for hadrons and calculate the mass spectra and the decay widths of both the vibrational and rotational modes. Our improved model is fully relativistic and the center-of-mass motion is eliminated by choosing correctly the center of mass frame. Moreover, the decay process can be incorporated by taking into account the pair production inside the gluon flux. The rate of pair production is calculated by analogy with the Schwinger mechanism in QED ͓5,6͔.
This paper is organized as follows. In the next section, a classical relativistic string model is described and conditions for choosing the center of mass frame are presented. In Sec. III, the dynamical system is transformed into Hamiltonian form and canonical quantization is applied to the system. The mass spectra of hadrons are obtained with the use of the WKB approximation and the decay widths with the use of the Schwinger mechanism. The numerical results are presented in Sec. IV. The concluding remarks are given in the final section.
II. CLASSICAL THEORY OF THE STRING MOTION
Let us start to present our model of hadron strings. It is assumed that a meson is described by a gluon string whose two ends are occupied by a quark and an antiquark. For a baryon, the antiquark is replaced with a diquark. As a result, all the hadrons have universal stringlike structure. The geometry is shown in Fig. 1 . The Lagrangian of this system is given by ͓3͔
where the first terms represent the kinetic energy of the quark and antiquark ͑diquark͒ and the last one the energy of the gluon string. We have assumed that the whole system rotates with angular velocity ϭ . Each end of the string has mass m i and the distance r i which is measured from the center of gravity (iϭ1,2). The contribution to the Lagrangian from the gluon flux is given by
where a is the energy density of the string ͑per unit length͒ and the factor ͱ1Ϫr 2 2 in the right-hand side comes from the Lorentz contraction along the transverse direction of the string. The canonical momenta are defined by 
͑2.4͒
where v i 2 ϵṙ i 2 ϩ 2 r i 2 . These quantities denote the radial momenta of each quark and the total orbital angular momentum respectively. Now let us discuss the center of mass of our system. Provided that the origin of our coordinate system coincides with the center of mass, it is proved that the following subsidiary conditions hold:
We will show that these conditions are equivalent to the definition of the center of mass; the total momentum of our system vanishes. Evidently the first condition Eq. ͑2.5͒ means that the radial component of the total momentum vanishes because the gluon field does not have the radial component of the momentum. On the other hand the transverse component is given by
with the help of Eq. ͑2.1͒. By using the Lagrange equation for r i , the second condition Eq. ͑2.6͒ is rewritten as
Thus it is shown that the our new conditions Eqs. ͑2.5͒ and ͑2.6͒ is equivalent to the definition of the center of mass.
It should be noted that the center of mass motion has been completely eliminated due to the conditions ͑2.5͒ and ͑2.6͒. In order to show this sfact, we will show that our Lagrangian is described by only the relative coordinate rϵr 1 ϩr 2 . In fact let us consider any variation, r i →r i ϩ␦r i with using the two conditions. Then the variation of L is written as
where the canonical equations of motion and the condition of relative momentum ( pϵp 1 ϭ p 2 ) were used. Noting that p ϭ(‫ץ‬L)/(‫ץ‬ṙ), one can see that the Lagrangian contains only the relative coordinates, L(r,ṙ , ). Therefore the center-ofmass motion has been eliminated completely from our Lagrangian. Thus the Hamiltonian is given by
͑2.10͒
It is evident that the first term means the kinetic energy of a quark or an antiquark ͑diquark͒ at each end and the second the energy of the string.
III. QUANTUM THEORY OF THE STRING MOTION
Now we will go over the quantum theory of our system. The excited states of hadrons are described by the Schrö-dinger equation,
By using the separation of variables ϭ(r)exp il, the angular momentum is quantized as follows: lϭ0,1,2,3, . . . . Introducing a new function by (r)ϵ(r)/r, the Schrödinger equation is rewritten as
͓Note that rp (1/r)ϭϪi‫ץ/ץ‬r.͔ Let us use the WKB approximation following Sec. 31 in ͓7͔; Substituting the expression, (r)ϭA(r)exp"iS(r)/ប… into Eq. ͑3.2͒, we obtain ͑up to the second order of ប)
where A(r) and S(r) are real unknown functions. The first equation with the following quantization condition is devoted to the determination of the energy E and the phase function S(r), that is,
͑3.5͒
where a and b are the turning points and n means the quantum number for the vibrational mode. This condition, however, does not hold in the case of lϭ0 where the particle can come to the origin (aϭ0). In this case one should take the boundary condition, (0)ϭ0 from the definition (r) ϭ(r)/r. Thus we have two solutions, (r)ϳcos(͐ 0 r pdr Ϫ/2) and (r)ϳcos(͐ b r pdrϪ/4). Since these two solutions coincide between aϽrϽb, the right-hand side of Eq. ͑3.5͒ should be replaced by (nϩ
͑3.6͒
and gives the wave function A(r). The factor C on the right hand side is the normalization constant which is determined by
͑3.7͒
Thus we obtain a relativistic hadron string model in which the center-of-mass motion is completely eliminated. Finally we discuss the decay process in the framework of our model. The decay is viewed as a pair production ofinside the flux tube which is known as Schwinger mechanism. According to ͓6͔, the probability of the pair production in a unit space-time volume in the tube is given by wϭ a
Here ͚ q indicates a summation over all quark flavors with mass m q (qϭu,d,s). The probability of the decay ͑pair production͒ in the time interval dt is given by
where V(r) denotes the volume of the string when its length is r in the center of mass system and it is given by
͑3.10͒
In the right-hand side, S 0 denotes the area of the cross section of the tube which is not moving along the transverse direction. The decay width of the hadron is given by
͑3.11͒
This formula gives the decay widths of the excited hadrons and is one of main results of this paper. 
IV. NUMERICAL RESULTS
We have calculated the mass spectra and the decay widths of hadrons by using our string model. Since the string is made up of the gluon field, the gluon degrees of freedom are incorporated into our model explicitly. The current quark masses are determined as m u ϭm d ϭ10 MeV and m s ϭ150 MeV by fitting to the masses of the ground state hadrons. Thus there are only two parameters a and S 0 . The former determines the mass spectra ͑the Regge slope͒ and the latter the decay width. We take aϭ0.15 GeV 2 in order to reproduce the observed Regge slope. Now let us calculate the mass spectra by using Eq. ͑3.5͒. The excited states are classified into two categories; the vibrational mode ͑the yo-yo mode ͓9͔͒ and the rotational one ͑the leading Regge trajectories͒. Consider first the vibrational excited states. The mass spectra are shown in Fig. 2 for , K* and mesons. In the same way, the mass spectra of P 11 , P 33 , and ⌳ baryons are shown in Fig. 3 . The diquark mass is taken so as to reproduce the lowest mass for each case: Next let us calculate the decay width by using Eq. ͑3.11͒. There remains one parameter S 0 . Its value should be the same for all the hadrons because the color charge of each end is the same for all the hadrons considered in this paper. For convenience, we take the value so as to reproduce the decay width of (770):151 MeV. The calculated decay widths are shown in Tables I and II . It is found that the predictions by our model are consistent with the experimental values ͓10͔ although the agreement is not always satisfactory. The enhancement of the decay widths at higher excited states is explained by the elongation of the string. The smallness of the width of K*(890) may be due to the small phase space volume which is not taken into account in our treatment: The threshold energy of K*→Kϩ is near the mass of K*.
There is a tendency that the observed decay widths of the second excited resonances are larger than the predicted ones in general. This deviation seems to come from other decay modes besides the one pair production of. Lastly some comments are in order. The velocity of the quark is near the light velocity in the vibrational motion as well as in the rotational one. This fact means that the relativistic treatment is necessary for the description of hadrons. The value of S 0 was determined from the width of (770). If our string is described by the elongated MIT bag, the string tension a is equal to 2BS 0 where B is the bag constant. Consequently we get S 0 ϭ3 fm 2 and B 1/4 ϭ178 MeV, the latter is consistent with the usual value.
V. SUMMARY
In conclusion, we have developed a relativistic string model for hadrons. It is characteristic of our model that the center-of-mass motion is eliminated completely in fully relativistic manner. Moreover the decay process is incorporated by taking into account the pair production of. Generally the decay widths are enhanced by the elongation of the string but in the rotational cases they are suppressed by the Lorentz contraction along the transverse direction. Although our model is so simple, the mass spectra and the decay widths have been reproduced fairly well. We would like to note that the string model is also useful to describe the gluon component of the structure functions of hadrons ͓11,12͔ and multiple production in hadron or nuclear collisions at high energies.
